Background and Purpose The hippocampus demonstrates a regional pattern of vulnerability to ischemic injury that depends on its characteristic differentiation and intrinsic connections. We now describe a model of ischemic injury using organotypic hippocampal culture, which preserves the anatomic differentiation of the hippocampus in long-term tissue culture.
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Background and Purpose The hippocampus demonstrates a regional pattern of vulnerability to ischemic injury that depends on its characteristic differentiation and intrinsic connections. We now describe a model of ischemic injury using organotypic hippocampal culture, which preserves the anatomic differentiation of the hippocampus in long-term tissue culture.
Methods Ischemic conditions were modeled by metabolic inhibition. Cultures were briefly exposed to potassium cyanide to block oxidative phosphorylation and 2-deoxyglucose to block glycolysis. The fluorescent dye propidium iodide was used to observe membrane damage in living cultures during recovery.
Results 2-Deoxyglucose/potassium cyanide incubation resulted in dose-dependent, regionally selective neuronal injury in CA1 and the dentate hilus, which began slowly after 2 to 6 hours of recovery. Subsequent histological examination of cultures after 1 to 7 days of recovery demonstrated neuronal pyknosis that was correlated with the early, direct observation of membrane damage with propidium. Both propidium staining and histological degeneration were prevented by the noncompetitive //-methyl-D-aspartate (NMDA) receptor antagonist MK-801 when administered 30 minutes after the end of the exposure to 2-deoxyglucose and potassium cyanide. Tetrodotoxin, which blocks voltage-dependent sodium channels, had protective effects that were greatest during the period of 2-deoxyglucose and potassium cyanide incubation but also produced protection against the mildest conditions of metabolic inhibition when administered after 30 minutes of recovery.
Conclusions This in vitro model reproduced elements of the time course, regional vulnerability, and pharmacologic sensitivities of in vivo ischemic hippocampal injury. Inhibition of metabolism in organotypic culture provides a rapid, easily controlled injury and reproduces the in vitro pattern of hippocampal regional vulnerability to ischemia. It is the first in vitro model of ischemia to exhibit complete protection by delayed administration of an NMDA receptor antagonist during recovery from a brief insult. The protective effects of tetrodotoxin suggest that an early period of sodium entry into cells during and after ATP depletion may be responsible for the more prolonged period of toxic NMDA receptor activation. (Stroke. 1994^5:457-465.)
Key Words • cerebral ischemia • iV-methyl-D-aspartate • hippocampus • glutamates • rats I n some animal models of ischemia, neuronal degeneration in the hippocampus appears to be mediated in large part by activity of excitatory synapses during and after the ischemic event. During ischemia, high concentrations of the excitatory amino acid neurotransmitter glutamate accumulate in the extracellular space. 1 Subsequent neuronal injury in the hippocampus can be prevented by antagonists of glutamate receptors, both of the N-methyl-D-aspartate (NMDA) 2 -3 and non-NMDA 4 subtypes. Toxic activation of glutamate receptors is triggered by the ischemic event but continues even after the end of the ischemic period, since antagonists can be effective up to 6 hours after a brief ischemic injury. degeneration, 5 -7 suggesting that this prolonged, toxic glutamate receptor activation is mediated in part by neuronal activity and synaptic transmission in the postischemic period.
In vivo investigations of this neurotransmitter-mediated injury in the postischemic period have proven difficult. Most of our understanding of the process of glutamate receptor-mediated neurotoxicity has been gained from experiments in primary neuronal tissue culture. 814 Since dissociated cultures lack the synaptic organization and regional differentiation of vulnerable brain regions, the roles of synaptic projections, interneurons, and regional receptor density cannot be examined. Although acute brain slices provide an alternative in vitro preparation that preserves the intrinsic anatomy of the hippocampus, the metabolic state of brain slices is compromised, and their survival in vitro is limited to several hours. Our previous work using acute hippocampal slices from adult animals demonstrated that adult brain tissue differs in its sensitivity to the neurotoxic effects of glutamate when compared with slices from neonatal animals or dissociated cultures prepared from embryonic brain. In hippocampal slices prepared from adult rats, the toxicity of glutamate cannot be blocked by NMDA receptor antagonists 15 unless ischemia is modeled by removing oxygen and glucose or the slices are placed in ionic conditions intended to reproduce the high-potassium, low-sodium conditions that occur in the ischemic brain. 16 This suggested that the physiological changes of ischemia influence the mechanisms of neuronal injury caused by excitatory amino acid release.
To further study the mechanisms of hippocampal regional vulnerability, we have developed a model of ischemia in organotypic culture. Organotypic hippocampal culture, as described by Gahwiler, 17 preserves the anatomic differentiation of the hippocampus in tissue culture. Hippocampal slices prepared from 5-to 7-day-old rats are cultured in a roller tube apparatus, producing a preparation that resembles a thin hippocampal slice. The tissue is taken from neonates but appears to mature to resemble the adult hippocampus over the course of weeks in culture. Work by Gahwiler and others has established that, while there is synaptic rearrangement caused by lack of extrinsic efferent and afferent paths, much of the normal anatomy and physiology is preserved. 17 ' 18 In the experiments described here, pharmacologic means of substrate deprivation were used to overcome some of the impediments to modeling ischemic injury using tissue culture. Substrate deprivation is difficult to achieve in tissue culture by simple removal of oxygen and glucose. Instead, we have used inhibition of oxidative metabolism and glycolysis to rapidly and controllably cause ATP depletion. Also, as previously reported, 19 we have been able to observe the regional pattern of neuronal injury in the organotypic cultures by performing experiments in the presence of propidium iodide. This polar, fluorescent dye does not stain cells with normal membrane integrity. However, after membrane injury, the dye enters cells, binds to nucleic acids, and accumulates, rendering the cell brightly fluorescent. The combination of this sensitive detection of injury with pharmacologic substrate deprivation in organotypic culture has led to the observations reported here: delayed protection with tetrodotoxin (TTX) or MK-801 against neuronal injury produced by a brief period of ATP depletion.
Materials and Methods
Experiments were performed as described previously. 19 -20 Briefly, organotypic hippocampal cultures were prepared according to the method of Gahwiler. 17 Hippocampal slices were prepared from 5-to 7-day-o!d rat pups, embedded in chicken plasma clots on coverslips, and incubated in sealed tubes containing 1.5 mL of growth medium at 36°C in a roller apparatus. Cultures were used for experiments after 2 weeks in culture. Cultures were moved to 35- To model ischemia by metabolic inhibition, cultures were exposed to 2-deoxyglucose (2-DG) and KCN in glucose-free HBSS. The duration of exposure and concentrations of 2-DG and KCN were varied as described below. Cultures were rinsed once with HBSS and then allowed to recover in serum-free growth media (75% Eagle's basal medium, 25% Earle's balanced salt solution) containing propidium in a CO 2 incubator for 6 hours. After this observation period, cultures were transferred back to roller tubes in fresh serum-free growth media. In general, the cultures were removed from their roller tubes 18 hours later (24 hours after exposure), fixed in methanol, and stained with thionin for histological examination. Some cultures were allowed to recover for 3 to 5 days before histological examination.
The propidium images were analyzed for (1) the presence of any propidium staining and (2) the pattern of the staining present. Assessment of histological damage was made by one of the authors (JJ.V.), blinded to the experimental condition and using the semiquantitative scale used previously.
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Results
As illustrated in Fig 1, organotypic cultures preserve the characteristic anatomy of the hippocampus. To describe the distribution of injury, we have used the terminology of Lorente de N6, 21 which divides the hippocampus into several sectors. These subregions are diagrammed in Fig 1. We have followed the usage of Schmidt-Kastner and Freund. 22 In particular, we have used the term CA3c to denote that portion of the pyramidal cell band of CA3 encompassed by the dentate gyrus. We use the term dentate hilus to refer to the more loosely packed large cells that are also referred to as the CA4 sector.
Brief periods of metabolic inhibition with 2-DG and KCN resulted in membrane injury that was delayed by hours. Propidium staining began in the most vulnerable regions of the cultures, CA1 and the dentate hilus. These are the same hippocampal regions that are most sensitive to ischemic injury in vivo. 2325 If severe injury occurred in a particular culture, propidium staining could be seen to progress during the 24 hours of recovery, extending downward from CA1 into CA3 and, at the same time, extending upward from the dentate hilus into CA3. The dentate gyrus, the hippocampal region most resistant to ischemic injury in vivo, was relatively spared. Membrane injury was specific to neurons; propidium staining was limited to the pyramidal cell layers of the cultures.
As illustrated in Fig 2, the effects of 2-DG and KCN were time and concentration dependent. Exposure to 5 mmol/L 2-DG and 1 mmol/L KCN for 7 minutes resulted in propidium staining in CA1, CA3, and the dentate hilus (Fig 2B) . When the 2-DG concentration As Illustrated by this culture, metabolic Inhibition with 2-DG and KCN for as brief a period as 7 minutes caused neuronal Injury. Here, after 6 hours of recovery, membrane Injury was most prominent in the CA1 region of the culture, while CA3 and the dentate gyrus were relatively spared. At 24 hours, all hippocampal regions were injured. C, 2 mmol/L 2-DG and 2 mmol/L KCN, 15-minute exposure. Cultures exposed to lower concentrations of 2-DG and KCN for slightly longer periods had more regionally selective injury. Here, at 6 hours, the CA1 and dentate hilus of the culture are selectively injured. There Is extension of injury from CA1 down Into the CA3ab region and from CA3c up into CA3ab. A gap containing uninjured neurons can be seen in the center of CA3. At 24 hours, all of CA1 and CA3 were injured, while the dentate gyrus continued to be relatively spared. D, 2 mmol/L 2-DG and 1 mmol/L KCN, 15-mlnute exposure. Here, with a lower concentration of KCN, Injury was limited to the CA1 and dentate hilus/CA3c, sparing most of CA3 and the dentate gyrus, even with prolonged culture survival. Scale bar In A=200 iim in all panels.
was lowered to 2 mmol/L and the exposure period was increased to 15 minutes, the amount of propidium staining was dependent on the concentration of KCN. With 2 mmol/L 2-DG and 1 mmol/L KCN, propidium staining was observed in 18 of 18 cultures, again beginning in CA1 after 4 to 6 hours of recovery, but staining also consistently affected the neurons of the dentate hilus and the CA3 region of the culture adjacent to the hilus (the CA3c hippocampal subregion), generally sparing the bulk of CA3 (the CA3ab subregions). The percentage of sparing of CA3 varied among individual cultures. Even more extensive hippocampal propidium staining was produced by increasing the KCN concentration further (2 mmol/L 2-DG and 2 mmol/L KCN, 15 minutes). Membrane injury began in CA1 at 4 to 6 hours after exposure and subsequently extended into CA3, beginning in the hilus and moving toward CA1 until the entire CA1/CA3 portion of the culture became fluorescent. In these severely injured cultures, propidium staining in the dentate was more marked. In all cases, propidium staining tended to be centered in the dentate hilus but included increasing, scattered staining within the dentate gyrus itself as the concentration was increased. When these cultures were methanol fixed and thionin stained at the conclusion of the experiment, pyknotic nuclei were present in the regions that showed bright propidium staining, confirming the relation between propidium staining and histological evidence of injury observed previously. 19 The selective vulnerability of neurons was also confirmed histologically.
The time course and pattern of membrane injury as indicated by propidium staining could be made to resemble in vivo ischemic injury more closely by exposing cultures for 15 minutes to 2 mmol/L 2-DG and 500 junol/L KCN. In 16 of 24 cultures a slower development of staining was observed, initially in CA1, beginning 4 to 6 hours after exposure. However, at this threshold concentration for injury the quality of propidium staining varied. In eight cultures propidium staining was diffuse, and individual fluorescent nuclei could not be distinguished (Fig 3A) . In these cultures nuclear pyknosis was not as well correlated with propidium staining. Pyknosis was limited to a portion of CA1, usually the section of CA1 most distant from CA3 and bordering on stratum radiatum. In cultures all possessing similar-appearing propidium staining, the region of pyknosis was as much as half of the area CA1 (Fig 4A) or, at minimum, a single small segment of CA1 (Fig 4B) . In four cultures, staining was bright and punctate at 6 hours and was distributed throughout the CA1 of the culture (Fig 3B) . Histologically these cultures resembled those exposed to higher concentrations of 2-DG and KCN, with near complete pyknosis of the CA1 region (Fig 4C) . The other five cultures exhibited propidium staining that was quite faint at 6 hours ( Fig 3C) and did not clearly progress during the remainder of the recovery period, although it was generally still present at 24 hours (Fig 3D) . These cultures did not have detectable pyknosis when examined histologically. These threshold injury effects seem to indicate that if a metabolic insult is not severe enough to lead to irreversible membrane injury in the first 4 to 6 hours of recovery, neurons may survive a prolonged period of milder membrane injury.
At all concentrations of 2-DG and KCN, membrane injury after the metabolic insult was delayed by hours. These observations differ from those we have described after direct exposure to glutamate agonists, 19 where propidium staining began within minutes of exposure to glutamate or NMDA at high concentrations. It seemed possible that, as described in vivo, administration of receptor antagonists might prevent neuronal injury even if administered after the toxic exposure. As shown in Fig  5A, propidium staining was entirely prevented by administration of MK-801 (30 ^.mol/L) during the recovery period or up to 30 minutes after the end of metabolic inhibition (2 mmol/L 2-DG and 1 mmol/L KCN). Protection by MK-801 was confirmed histologically (Fig 4D) . Delayed administration of MK-801 was slightly less effective in protecting against a more severe insult (Fig 5B) . The statistical analysis of the propidium staining is described in the Table. The histological analysis is described in Fig 6. The prolonged time course of membrane injury and the effects of delayed MK-801 suggested that, as in vivo, persistent toxic NMDA receptor activation occurred during the recovery period. We examined the effects of TTX to test the hypothesis that the toxic NMDA receptor activation was a result of synaptic transmission during recovery. As a sodium channel blocker, TTX should prevent action potentials and thus, synaptic transmission. As shown in Fig 5C, against propidium staining when present during or immediately after a 15-minute exposure to 2 mmol/L 2-DG and 1 mmol/L KCN. However, when addition was delayed by 30 minutes, TTX failed to prevent propidium staining at these concentrations of metabolic inhibitors ( Fig 5D) . As shown in the Table and 
Discussion
We have demonstrated that the distribution of ischemic hippocampal injury can be reproduced by metabolic inhibition in organotypic hippocampal cultures, providing an in vitro model in which mechanisms of regionally specific injury can be conveniently studied. The period of exposure to metabolic inhibition can be brief, and accessibility of cultures is maintained. Previously, we showed that organotypic cultures preserve regional vulnerability to injury caused by direct application of glutamate agonists. 19 The current results suggest that this model reproduces some of the events that allow neuronal protection by delayed administration of glutamate antagonists.
Selective CA1 neuronal degeneration in organotypic culture has been observed after deprivation of oxygen and glucose for periods of 45 minutes or longer by Newell et al. 26 The technique of metabolic inhibition with 2-DG and KCN introduced in these experiments to mimic ischemia has been previously used in acutely isolated embryonic chick retina 27 ' 28 and in nonneuronal systems. 2931 Cyanide has been used in dissociated neuronal tissue culture to model hypoxia.
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* 33 For tissue culture models, the rapid, reversible insult afforded by metabolic inhibition may better mimic the speed and severity of ATP depletion that occurs in vivo when blood flow is interrupted. Both dissociated cortical cultures 13 and organotypic hippocampal cultures 26 require at least 45 minutes of incubation in a medium lacking oxygen and glucose to cause any neuronal injury. Incubations lasting hours are necessary when either oxygen alone or glucose alone is removed from the medium. In contrast, as shown in Fig 2B, a 7 -minute period of metabolic inhibition was sufficient to produce neuronal injury. In other culture systems, the cellular concentration of ATP rapidly falls on exposure to 2-DG and KCN but recovers rapidly on washout of the inhibitors. effects of TTX and MK-801 administered in the recovery period. It appears most likely that, as in other systems, ATP is rapidly depleted and relatively quickly restored after exposure. If so, the changes in ATP would resemble the sequence described during and after in vivo ischemia, suggesting that ATP depletion triggers but is not directly responsible for neuronal injury. Alternatively, ATP may be restored only partially after removal of the 2-DG/KCN, and the process of injury in the postischemic period may be caused or at least enhanced by mildly decreased ATP levels. If so, the protection we observed by TTX or MK-801 in the postischemic period might be due to more complete or more rapid recovery of ATP. Given our observations that membrane injury requires hours of further incubation in recovery medium, it is also possible that a secondary fall in ATP occurs, leading to irreversible cellular injury. We wish to emphasize that, while there are striking similarities between in vivo ischemia and our observations after brief metabolic inhibition in organotypic cultures, there are many differences between the two situations that may or may not be of significance. For example, as in the deafferented hippocampus in vivo, there are well-described synaptic reorganizations in organotypic culture that could alter the neuronal response to substrate deprivation. For example, the degree of connectivity within the organotypic culture is increased because synaptic space vacated by degenerating afferents from neurons not in the culture is replaced by sprouting within the culture. Several extrinsic neurotransmitter systems are absent, including some that may play an important role in hippocampal physiology and injury in vivo, such as the cholinergic projection from the septum, the dopaminergic projection from the ventral tegmental area, and the noradrenergic projection from the locus coeruleus. However, with coculture techniques, these projections can be added back to test their role in mediating injury.
An important difference between in vivo ischemia and our metabolic inhibition technique is that ischemia is hypoxic, while our experiments are carried out in room air that contains oxygen concentrations higher than that found in tissue. Metabolic inhibition could be performed in a nitrogen atmosphere, but the time necessary to deplete cultures of oxygen and the difficulty in manipulating cultures under these conditions make these experiments technically difficult. We suggest that if oxygen itself plays an important role it might be TTXIOuM 30 mln delayed FtG 6. Graph shows prevention of hisioiogical injury by MK-801 and tetrodotoxin (TTX). Neuronal nuclear pyknosis in Nissl-stalned cultures was graded on a 4-point scale used previously. The percentage of pyknotic nuclei in CA1 was estimated as 0, 0% to 25% pyknotic; 1, 25% to 50% pyknotic; 2, 50% to 75% pyknotic; or 3, 75% to 100% pyknotic. Each culture is represented by a filled circle. Sixteen control cultures are not shown; all were grade 0. The ratings were statlstjcalty analyzed with Kendall's T S statistic. There was significant Injury caused by metabolic inhibition (P<.01) and significant protection by delayed MK-801 (P<.01) or Immediate TTX (P<.01).
in the creation of reactive singlet oxygen radicals and that the presence of oxygen might accelerate the process of injury. This may depend on the redox potential within the cell, not just the presence or absence of molecular oxygen.
Another potentially significant difference between the brain and any tissue culture model is the degree to which the extracellular environment of the neurons is altered. At present we do not know whether the welldescribed alterations in potassium, sodium, and calcium concentrations that occur in vivo also occur in the neuropil of the organotypic culture. The large dilutional volume of the tissue culture media provides another potential modifying factor in tissue culture. The organotypic culture may be a sufficiently organized tissue to create an extracellular space that is not in rapid equilibrium with the culture medium.
Fluorescence detection of injury permits regional neuronal injury in the cultures to be observed as it occurs. Membrane injury occurred only hours after metabolic inhibition. When severe, it was well correlated with severe neuronal necrosis. Less severe membrane injury may be reversible or lead to more delayed histological degeneration. It is possible that some protective strategies could work even after the onset of faint propidium staining, especially if the membrane injury denoted by propidium staining participates in the final stages of injury.
Small membrane discontinuities appear ultrastructurally in vulnerable neurons 6 to 12 hours after in vivo ischemia. This might explain the loss of electric excitability after ischemia in vivo and could result in faint propidium staining in our cultures. Once such plasma membrane injury occurs, the process of degeneration might accelerate if the disruption is great enough. Alternatively, milder membrane injury might persist for days and be responsible for the very delayed morphological degeneration that has been described in the hippocampus after brief ischemia. The diffuse propidium staining we observed after the mildest metabolic inhibition in the current experiments lasted for at least 24 hours but did not necessarily result in neuronal degeneration. This suggests that mild membrane injury could be persistent, and other factors, present in vivo but not in organotypic culture, might eventually result in neuronaJ degeneration.
The simplest hypothesis to explain the early protection by TTX in the period after metabolic inhibition is that axonal conduction is interrupted, preventing synby guest on June 22, 2017 http://stroke.ahajournals.org/ Downloaded from aptic glutamate release and subsequent toxic activation of NMDA receptors. We think that this is unlikely because the protective effects of MK-801 and TTX were not perfectly correlated, as this hypothesis would predict. TTX had to be administered early in the recovery period to protect against more severe metabolic inhibition. MK-801 had powerful protective effects for longer periods after the period of metabolic inhibition. We observed the same dissociation between TTX and MK-801 protection in experiments using 2-DG alone to mimic hypoglycemia. 20 Protective effects of TTX have been described in some animal models of ischemia. 34 - 33 Phenytoin, which, like TTX, modulates the voltage-dependent sodium channel, 3 *- 37 protects against neuronal degeneration in animal models of ischemia. 38 - 39 These sodium channel antagonists may act to modify ionic fluxes during the early period of reperfusion. Sodium loading of neurons or glia could have metabolic consequences that allow glutamate to accumulate extracellularly and act as a neurotoxin. These ionic shifts might themselves cause prolonged glutamate release. The finding that TTX works best during or immediately after metabolic inhibition suggests, rather, that there is sodium channel activation during or immediately after the period of ATP depletion. This sodium entry then triggers a subsequent, prolonged period of toxic NMDA receptor activation. Since sodium entry could cause calcium entry by activation of voltage-sensitive calcium channels or through sodium-calcium exchange, sodium entry could cause glutamate release through conventional calcium-dependent mechanisms of neurotransmitter release. 40 It has also been suggested that reversal of the normal sodium-potassium gradient could cause glutamate release by causing the sodium-dependent glutamate transporter to run in reverse, transporting sodium and glutamate out of neurons and glia, where the glutamate could cause NMDA receptor-mediated neurotoxicity. 41 If glial or presynaptic uptake of glutamate is altered in the postischemic period, then extracellular concentrations of glutamate might reach toxic levels. This would be consistent with our previous observations in acute hippocampal slices that the ionic conditions that occur during ischemia can be critical in allowing glutamate to cause NMDA receptor-mediated toxicity.
Thus, neuronal injury after brief metabolic inhibition can be divided into several steps. There is the period of metabolic inhibition, which would correspond to the absence of blood flow in an in vivo ischemia model. Next there is the early recovery, during which further injury was prevented with MK-801 or TTX. Sodium entry must be blocked earlier to prevent subsequent neuronal injury. We do not yet know whether early sodium channel activation is necessary for ongoing glutamate release or whether it enhances vulnerability to NMDA receptor-mediated toxicity. The onset of propidium staining after many hours of recovery marks the beginning of the loss of membrane integrity, which results, finally, in histological degeneration.
The typical regional pattern of ischemic injury of the hippocampus is preserved in these cultures. As we have previously reported, 20 the distribution of hypoglycemic injury is distinct. The distribution of hypoglycemic injury is correlated with the distribution of NMDA receptors in the hippocampus. The pattern of hypoglycemic injury is reproduced by exposure to aspartate, which accumulates extracellularly during hypoglycemia. Aspartate is a more selective NMDA receptor agonist than glutamate. Thus, the pattern of injury in hypoglycemia seems to be determined by the toxic agonists released (aspartate, an NMDA receptor agonist) and the distribution of the receptors mediating injury (the NMDA receptors). In ischemia the pattern of injury is distinct. Glutamate, not aspartate, is released. The factors that determine the distribution of injury in ischemia seem to be preserved in our cultures. Organotypic cultures provide an opportunity to investigate the mechanisms by which the excitatory neurotransmitters in afferent pathways can act as neurotoxins to produce selective neuronal injury.
Editorial Comment
For investigators interested in understanding the process of ischemic neuronal death, work in neuronal cultures enables careful control over experimental conditions and spectacularly direct measurements of neural activity and intracellular concentrations of ions and metabolites. However, the conditions that occur in ischemic brain differ from those in the dish. The rules for establishing synaptic connections and for developing class-specific neuronal features are likely altered by dissociating cells and placing them in culture. In general, it has been an arduous task to assign mechanisms, identified as important for ischemic cell death in culture, their proper role in stroke. The article by Vornov, Tasker, and Coyle illustrates a powerful tissue culture technique that moves toward bridging the gap between dissociated cell culture experiments and those in intact brain. The organotypic "roller tube" culture system, developed by Gahwiler 1 for studies of the hippocampus, retains a pattern of neuronal organization that resembles that seen in brain. The connectivity of the explant is preserved, and the neuronal types can be identified. The experiments of Vornov and colleagues suggest that selective vulnerability of specific regions of the hippocampus to brain ischemia can be duplicated by cellular hypoxia in organotypic culture. Is the regional vulnerability to ischemia a feature of the pattern of synaptic connections, or is it due to the preservation of intrinsic, class-specific, neuronal properties in the organotypic culture? Further work using this roller tube organotypic technique may greatly aid our understanding of selective neuronal vulnerability.
The authors have used the organotypic culture technique to study the time course of cell death in the neuronal classes in the hippocampus as well as the ability of sodium channel blockade and JV-methyl-Daspartate (NMDA) channel blockade to prevent cell death after cellular hypoxia. Importantly in this model, as in certain in vivo models, neurons become destined to die after only minutes of cellular hypoxia, yet the physical signs of damage (as evidenced by propidium staining) require a delay of hours. What occurs in this time period preceding neuronal death is one of the most important questions in acute stroke therapy. The fact that there is a delay offers hope that pharmacologic interventions aimed at the active processes in this period can salvage neurons otherwise destined to die. For instance, the authors found that the sodium channel blocker tetrodotoxin had a shorter therapeutic time
